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GLUCOSE IS THE PRINCIPAL SUBSTRATE utilized by the lungs for the generation of energy; energy metabolism and ATP content in lungs are maintained by oxidative metabolism at levels comparable to those in other metabolically active organs, and any alteration may depress amine clearance, alter lung permeability, and influence lung response to oxidative stress (7) . Metabolism of glucose is encompassed by its conversion to pyruvate (anaerobic glycolysis) and supply of the latter to mitochondria (aerobic glycolysis) for the generation of reducing equivalents and oxidative phosphorylation. GAPDH, a housekeeping protein, is not only the central glycolytic enzyme but is also involved in DNA repair (21) as a membrane protein in endocytosis (11) , in tRNA export to the nucleus (41) , and in cell death (1, 14, 16, 37) . Posttranslational modifications of GAPDH, such as S-thiolation (usually following S-nitrosylation), are associated with inhibition of the enzyme and, consequently, rerouting of the metabolic flux from glycolysis to the pentose phosphate pathway (32, 40) , which accounts for 10 -20% of glucose metabolism. NADPH, generated in the pentose phosphate pathway by the only regulatory step catalyzed by glucose-6-phosphate dehydrogenase (G6PDH), is utilized to maintain the redox status of the cell by regenerating thiol-based redox couples, GSH and thioredoxin, and, thus, protecting the cell from oxidative damage. This reducing power is also utilized in double-bond reduction in fatty acid biosynthesis, as well as in detoxification reactions (7) . Other sources of NADPH are NADP ϩ -dependent isocitrate dehydrogenase (IDH), malic enzyme, and alcohol dehydrogenase. The major mitochondrial sources of NADPH are NADP ϩ -dependent IDH2 and nicotinamide nucleotide transhydrogenase (NNT).
GSH is the most abundant, low-molecular-weight, nonprotein thiol that is synthesized in the cytosol from glycine, glutamate, and cysteine in a two-step process by the enzymes ␥-glutamylcysteine synthase and GSH synthase (13) and plays a central role in the maintenance of the cellular redox status (20) . Over 98% of the glutathione is considered to be in the reduced form under nonoxidative and nitrosative stress conditions (38) . GSH levels in the normal alveolar epithelial lining fluid in the lungs are known to be even higher than in plasma, to protect from oxidative damage from inhaled pollutants and inflammatory cells (4, 27) . However, GSH cannot be taken up into the cells but requires degradation to its constitutive amino acids by ␥-glutamyltranspeptidase (12) and its further intracellular reassembly by ␥-glutamylcysteine synthase (␥-glutamylcysteine synthase/glutamate cysteine ligase) and GSH synthase (39) . GSH thus synthesized can be freely transported to the extracellular compartment. It may be expected that alterations in intracellular GSH levels control extracellular GSH-to-GSSG ratios.
The metabolic (energy) and redox (oxidative stress) components described above cannot be viewed as independent processes but as interdependent pathways that control cell function; thus impairment of the energy-transducing capacity of mitochondria and, consequently, the oxidants generated by these organelles is expected to play a decisive role in the development of chronic obstructive pulmonary disease (COPD). Mitochondrial function is also modulated by redox-sensitive signaling and transcription pathways, thus establishing a sensitive regulatory device that is essential for cell function. Patients with COPD experience low energy metabolism associated with decline in lung function (48) ; however, the cellular mechanisms underlying low energy metabolism in response to cigarette smoke (CS) are not known.
CS is a rich source of oxidants and electrophiles, and it is estimated to contain ϳ10 17 radicals/g in the tar phase and ϳ10 15 radicals/g in the gaseous phase. Lung exposure to CS (and other environmental pollutants) causes an oxidant-antioxidant imbalance that is believed to be one of the major causes in the development of COPD; this oxidant-antioxidant imbalance is likely caused by inflammatory processes that potentiate proteolytic damage, induce cell death, and inhibit cell repair (19, 35, 51) . COPD is characterized by airflow limitation that is not fully reversible [as defined by the Global Initiative for Chronic Obstructive Lung Disease (24) ]. The airflow limitation is usually progressive and associated with abnormal inflammatory responses of the lungs to noxious particles or gases (24) .
CS-induced lung inflammatory processes are likely to be preceded by changes in energy metabolism and the redox status of the cell. A number of studies have focused on the effect of CS on glutathione homeostasis in alveolar cells (28 -30) or development of inflammation (6, 23, 36) , but no study has highlighted the importance of mitochondrial metabolic events preceding redox and inflammatory changes. Thus the aim of this study is to characterize the bioenergetics and redox changes and identify metabolic modulators in initial stages of CS exposure; the experimental model consists of mice exposed to CS under controlled conditions for 4 and 8 wk and then allowed to recover for 2 wk.
EXPERIMENTAL PROCEDURES
Exposure of mice to CS. Eight-week-old male A/J mice (Jackson Laboratories; n ϭ 108) were exposed to CS for 4 wk (n ϭ 20) or 8 wk (n ϭ 20) or exposed to CS for 8 wk and allowed to recover for 2 wk (n ϭ 20). The control group (n ϭ 48) was kept in a filtered-air environment; the remaining mice were subjected to whole-body exposure to CS from Kentucky 3R4F reference cigarettes (Tobacco Research Institute, University of Kentucky, Lexington, KY), each of which contains 11 mg of total particulate matter (TPM) and 0.73 mg of nicotine. Before use, the cigarettes were kept for 48 h in a standardized atmosphere humidified with 70% glycerol-30% water. The smoke concentration and the duration of exposure were gradually increased in the 1st wk to acclimatize the mice to tobacco smoke. A mixture of sidestream smoke (89%) and mainstream smoke (11%), mimicking an exposure to environmental tobacco smoke, was produced using a smoking machine (model TE-10, Teague Enterprises, Davis, CA) as follows: each smoldering cigarette was puffed for 2 s, once every minute, for a total of nine puffs. The machine was adjusted to burn six cigarettes simultaneously, 6 h/day, 5 days/wk (Monday to Friday) for 4 or 8 wk. The recovery group was exposed to CS for 8 wk and then allowed to recover for 2 wk without CS exposure. Sidestream and mainstream smokes were aspirated in a mixing chamber before distribution to two exposure chambers. Under these conditions, the TPM in the exposure chambers was 80 -90 mg/m 3 (42, 45) . The position of the cages in the exposure chambers was rotated daily. All animal protocols were approved by the Department of Animal Resources at the University of Southern California.
CS exposure led to a 30 -35% decrease in body weight, which returned to normal levels during the 2-wk recovery period after CS exposure. Food intake decreased with smoking, but water intake was normal.
Isolation of lung mitochondria. Lung mitochondria were isolated by differential centrifugation. The mice were euthanized, and the lung was excised and rinsed in 2 ml of mitochondrial isolation buffer (MIB: 250 mM sucrose, 20 mM HEPES, 1 mM EDTA, 1 mM EGTA, 0.25% protease inhibitor, and 0.5% BSA, pH 7.4) and then homogenized in 10 ml of MIB. The homogenate was centrifuged at 3,110 rpm for 5 min at 4°C to remove tissue debris and nuclei and yield a supernatant enriched in mitochondria. The pellet was resuspended in 10 ml of MIB, and the above-described process was repeated until no pellet was visible. The supernatant was centrifuged at 12,500 rpm for 10 min at 4°C to isolate mitochondria. For removal of cytosolic contaminants, the mitochondrial pellet was resuspended in MIB and again pelleted by centrifugation at 9,000 rpm for 8 min at 4°C (44) .
TaqMan low-density array gene expression profiling. TaqMan low-density array cards were custom-manufactured at Applied Biosystems (Foster City, CA) and loaded with TaqMan expression assays for target genes divided into four functional groups and four assays for candidate control genes (see Supplemental Table 1 in Supplemental Material for this article, available online at the Journal website). Total RNA was isolated from mouse lung tissues using the PureLink RNA Mini Kit (Invitrogen, Carlsbad, CA). RNA quantity and quality were analyzed using the Experion RNA StdSens analysis kit on an Experion automated electrophoresis system (Bio-Rad, Hercules, CA). Integrity of RNA samples was assessed by the Relative Quality Indicator. RNA-to-cDNA synthesis was carried out using High-Capacity RNA-to-cDNA master mix (Applied Biosystems) on a MyCycler thermal cycler (Bio-Rad). TaqMan real-time quantitative RT-PCRs were performed on 100-ng cDNA samples mixed with 2ϫ TaqMan Universal PCR master mix (Applied Biosystems) under the following thermal cycling conditions: AmpErase uracil N-glycosylase activation at 50°C for 2 min at 100% ramp (stage 1), AmpliTaq Gold DNA polymerase activation at 94.5°C for 10 min at 100% ramp (stage 2), and melt at 97°C for 30 s at 50% ramp followed by annealing/ extension at 59.7°C for 1 min at 100% ramp for 40 
Quantification of pyridine nucleotides in lung homogenate and mitochondria. HPLC analysis of NAD
ϩ , NADH, NADP ϩ , and NADPH was carried out as previously described (17) with modifications. An HPLC ZORBAX C18 analytical column (5 m, 4.5 ϫ 250 mm) and a guard column (Agilent Technologies, Santa Clara, CA) were used for analysis in an Agilent 1100 series HPLC system and a Hitachi fluorescence spectrophotometer. All other chemicals were obtained from Sigma. An HPLC gradient time program was used with 100% ammonium acetate (0.2 M, pH 5.5) and 0% HPLC-grade methanol as the initial condition followed by increasing concentrations of methanol to 6.8% over time. Pure NADH, NAD ϩ , NADPH, and NADP ϩ at 1 mg/ml were used for standardization of the method. The pyridine nucleotides were quantified using the fluorescence spectrophotometer at 330-nm excitation and 460-nm emission. This process was repeated several times to generate a standard curve. Cell homogenates and mitochondrial fractions were stored in 200 l of 0.2 M KCN per well prior to chloroform extraction, which was carried out at 14,000 rpm in a microcentrifuge at 4°C. The mitochondrial fraction was energized with glutamate/malate (5 mM) before addition of the KCN solution. The aqueous supernatant, containing the soluble pyridine nucleotides, was collected and extracted three times to remove the lipids and proteins. The aqueous solution was then filtered through a 0.45-m positively charged filter (Pall Life Sciences, Port Washington, NY) to remove the DNA and RNA. On dilution of the filtrate with 0.2 M ammonium acetate, it was injected on a HPLC C 18 column.
Quantification of thiols in lung homogenate and mitochondria. GSH and GSSG were detected using HPLC with a coulometric electrochemical detector obtained from ESA (Chelmsford, MA), as described previously (49) . ESA offers CoulArray systems that utilize 4 -16 channels. A four-channel electrochemical array was employed for the simultaneous detection of GSH and GSSG. The retention times for GSH and GSSG were ϳ6.5 and ϳ28.5 min, respectively. GSH was monitored and detected at 500 and 700 mV; GSSG was detected at 900 mV. Cell homogenates and mitochondrial fractions were stored in 200 l of 5% meta-phosphoric acid containing 25 mM ammonium
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Magnitude of Gene Expression min avg max sulfamate for precipitation of proteins. Before measurement of thiols, mitochondria were energized with glutamate/malate (5 mM). The samples were stored at Ϫ70°C until analysis.
Cytokine analysis. Levels of proinflammatory mediators, such as the neutrophilic chemokines keratinocyte chemoattractant (KC) and macrophage-monocyte chemotatic protein (MCP-1), in whole lung homogenates were measured by ELISA using respective dual-antibody kits (R & D Systems, Minneapolis, MN) according to the manufacturer's instructions. The results are expressed in samples as picograms per milligram of protein (31, 42) .
Western blot analysis. Lung mitochondrion or cytosol was lysed in RIPA buffer (50 mM Tris·HCl, 1% NP-40, 0.25% sodium deoxycholate, 150 mM NaCl, 1 mM EDTA, 5% protease inhibitor, and 5% phosphatase inhibitor cocktail, pH 7.4). Samples were denatured in reducing sample buffer or nonreducing sample buffer (Pierce, Rockford, IL) and separated on 12-15% SDS-polyacrylamide gels. Proteins were transferred to a polyvinylidene difluoride membrane using the Criterion system (Bio-Rad) and then probed in 1:1,000 concentration against antibodies for G6PDH and GAPDH (Abcam, Cambridge, MA), Total OXPHOS Rodent and NNT (Mitosciences, Eugene, OR), and IDH2 (Proteintech Group, Chicago, IL). Chemidoc XRSϩ imaging system (Bio-Rad) was used to obtain Western blot images after developing using a chemiluminesence kit (Pierce).
Immunoprecipitation. The glutathionylated proteins were pulled down using a coated-plate immunoprecipitation kit (Thermo Scientific, Rockford, IL) and then separated in a 10% SDS-polyacrylamide gel. After transfer on a polyvinylidene difluoride membrane, the immunoblot was probed using anti-GAPDH (Abcam) and anti-GSH (Virogen, Watertown, MA) antibodies. DTT (25 mM) was added to the samples as a negative control.
Enzyme activity assays. GAPDH activity in the cytosolic fraction was measured according to established methods (10) with some modifications: cytosol was lysed in RIPA buffer with the addition of protease inhibitors and subjected to three freeze-thaw cycles. The protein concentration was measured using the Bradford assay. Isocitrate dehydrogenase 1 (NADP ϩ )
*Genes that did not recover after cigarette smoke (CS) exposure. GAPDH activity was detected by monitoring the increase in NADH formation spectrophotometrically at 340 nm in the presence of 250 M NAD ϩ and 50 mg/ml glyceraldehyde 3-phosphate and 100 g of cytosolic protein. G6PDH activity in the cytosolic fraction was measured as previously described (9) with some modifications: cytosol was lysed in RIPA buffer with the addition of protease inhibitors and subjected to three freeze-thaw cycles. Then 100 g of protein were mixed with the reaction mixture containing 100 M NADP, 3.4 mM glucose 6-phosphate, and reaction buffer to a final volume of 1 ml. The absorbance was monitored at 340 nm for 300 s. Enzyme activity was calculated from the slopes and expressed in nanomoles per minute per milligram of protein with an extinction coefficient of 6.22. Activity for complexes I, II, and IV was determined using microplate assay kits (Abcam) in which the respective complexes were immunocaptured in the microplate wells, and the enzyme activity was determined by following the change in absorbance at 450, 600, and 550 nm, respectively. ATP synthase (complex V) activity was assayed as previously described (26) Statistical analyses. Two-sample t-test assuming unequal variances was performed, along with ANOVA, to determine statistical significance.
RESULTS
Effect of CS on gene expression profile.
Changes in the expression of a focused group of genes involved in metabolism, electron transfer chain, oxidative phosphorylation, mitochondrial transport and dynamics, and redox regulation in mouse lung tissues in response to 8 wk of CS exposure were comparatively analyzed using quantitative RT-PCR-based TaqMan low-density arrays (Fig. 1) . Of the total of 105 genes analyzed, 31 were significantly upregulated (Table 1) by CS exposure (P Ͻ 0.05), including 4 genes involved in cytosolic redox regulation (Sod1, Gpx1, Gpx4, and Gsr), 3 involved in mitochondrial redox regulation (Sod2, Prdx5, and Glrx2), 11 involved in metabolism (Hk1, Gapdh, Idh1, Sdhc, Pdk3, Pla2g4a, Lrp8, Hsd17b10, Acad1, Acadm, and Decr1), and the gene encoding the assembly factor for the F 1 component of mitochondrial ATP synthase (Atpaf2). The upregulation of mitochondrial transport-related genes (Vdac3, Tomm40, Tomm20, Slc25a20, Ucp2, Cpt1a, and Abca1), along with mitochondrial fusion genes (Opa1 and Mfn1), suggests increased mitochondrial dynamics after CS exposure (Fig. 1) . However, the ratio of nuclear protein (globin) DNA to mitochondrial protein (cyclooxygenase-2), an index of mitochondrial biogenesis, showed no significant difference after CS exposure (data not shown).
Of the 31 genes, 26 genes upregulated by CS exposure were reversed in the recovery group (Fig. 1) . The five genes that were not recovered included Tomm40, Pla2g4a, Gpx3, Sdhc, and Prdx5.
Effect of CS on enzymes of glycolysis and the pentose phosphate pathway. GAPDH expression (Fig. 2, A and B) and activity (Fig. 2C) were decreased after CS exposure; the downregulation of GAPDH implies a decrease in the rate of glycolysis and is expected to redirect glucose metabolism to the pentose phosphate pathway (32, 43) ; accordingly, G6PDH expression (Fig. 2, A and B) and activity (Fig. 2C) were steadily increased due to CS exposure. Two weeks of recovery after CS exposure resulted in an increase in GAPDH expression and activity (higher than control levels) and a progressive decrease in G6PDH toward control levels (Fig. 2) .
Oxidative modification of GAPDH on CS exposure. The downregulation of GAPDH activity was further probed for reversible oxidative modification following CS exposure. The presence of two redox-sensitive cysteines (Cys 149 and Cys 153 ) in the catalytic site of GAPDH (22), along with the high levels of electrophiles in CS, renders the enzyme susceptible to Sglutathionylation following CS exposure. This was confirmed by pulling down the glutathionylated proteins from lung cytosol and immunoblotting with anti-GAPDH antibody (Fig. 3) .
Effect of CS on NADPH-to-NADP ϩ , NADH-to-NAD ϩ , and GSH-to-GSSG ratios in cell homogenates. Changes in GAPDH
(anaerobic glycolysis) and G6PDH (pentose phosphate pathway) activities resulted in changes in pyridine nucleotide levels, for NAD ϩ and NADP ϩ are cofactors for the GAPDHand G6PDH-catalyzed reactions, respectively. Hence, in agreement with increases in G6PDH activity, NADPH levels increased with CS exposure and started to decrease after 8 wk of CS exposure (Table 2) . NADPH-to-NADP ϩ ratios, however, decreased after 4 wk of CS exposure due to an increase in the NADP ϩ levels. The increased NADPH-to-NADP ϩ ratios in the recovery group suggest a more reducing environment. NADH-to-NAD ϩ ratios also decreased with CS exposure due to increasing levels of NAD ϩ , probably due to a decreased utilization by GAPDH. NAD ϩ levels also decreased in the recovery group with increased GAPDH activity ( Table 2) . NADPH is the ultimate electron donor for the thiol-based systems that control the cellular redox state. Consequently, GSH-to-GSSG ratios followed the same trend; i.e., the ratio increased after 4 wk of CS exposure and started to decrease after 8 wk of CS exposure (Table 3) . 
Effect of CS exposure on mitochondrial pyridine nucleotides and thiols. In mitochondria, NADPH-to-NADP
ϩ ratios increased steadily upon CS exposure but decreased to normal levels immediately after removal of CS-induced stress ( Table  2 ). The increase in NADPH levels was mainly responsible for the increase in this ratio, thus suggesting an expanded mitochondrial capacity to handle a redox stress; this may play an important role under more prolonged CS exposure. The NADH-to-NAD ϩ ratio also showed a similar increase with CS exposure and decreased in the recovery period (Table 2) . Mitochondrial sources of NADPH entail the activities of IDH2 and NNT, the expression of which increased upon CS exposure (Fig. 4) . Thus these two enzymes contribute to the highly reduced environment in the mitochondrion due to CS exposure. Mitochondrial GSH-to-GSSG ratios also showed a steady increase after 4 and 8 wk of CS exposure, but, unlike the NADPH-to-NADP ϩ values, they did not decrease in the recovery group (Table 3) . This may be an adaptive response by the mitochondrion to protect the redox-sensitive protein thiols of the mitochondrial respiratory chain from the oxidative stress for a longer period of time.
Effect of CS on mitochondrial electron transport complexes. CS exposure elicited an increase in the expression of complexes II, III, IV, and V (ATPase) (Fig. 5, Table 4 ). The activity of complexes II, III, IV, and V (ATPase) increased at 8 wk of CS exposure and returned to slightly below control values in the recovery group (Table 4 ). The expression and activity of complex I decreased after 8 wk of CS exposure and did not return to control levels in the recovery group (Table 4) .
Effect of CS on the levels of proinflammatory mediators in mouse lung. The CS-induced redox changes and associated alteration in mitochondrial energetics may precede the inflammatory responses in the lung. This notion was addressed by assessing the lung proinflammatory response in groups exposed to CS for 4 and 8 wk and the recovery group. The levels of proinflammatory mediators, such as KC (neutrophil) and MCP-1 (monocyte-macrophage), were measured using the whole lung homogenates. KC levels were not significantly altered in the control group, the groups exposed to CS for 4 and 8 wk, and the recovery group (Fig. 6A) . The levels of MCP-1 remained unaltered in mice exposed to CS for 4 wk compared with the control group. After 8 wk of CS exposure and in the recovery group, the levels of MCP-1 were significantly reduced in the lung (P Ͻ 0.01; Fig. 6B ). The overall data on the levels of proinflammatory mediators reflect the lack of macrophage and neutrophil recruitment into the lung, as confirmed by KC and MCP-1 data after short-term CS exposure (4 and 8 wk and recovery) in male A/J mice. Thus the alterations in redox and mitochondrial energetics are independent of proinflammatory responses after subchronic CS exposure in mouse lungs.
DISCUSSION
This study shows that short-term (4 and 8 wk) CS exposure leads to changes in glucose metabolism, entailing inhibition of the key glycolytic enzyme GADPH due to glutathionylation (Fig. 3) and rerouting glucose metabolism to the pentose phosphate pathway, with increased expression and activity of G6PDH (Fig. 2) . These metabolic changes are expected to decrease substrate supply (in the form of pyruvate-derived glycolysis) to mitochondria; however, an enhanced mitochondrial energy-transducing capacity, expressed as increased expression of complexes II, III, and IV and ATPase (complex V) and increased activity of complexes II, IV, and V, was observed (Fig. 5, Table 4) ; this may be viewed as a compensatory response to the limited substrate (pyruvate) supply to mitochondria. The significant upregulation of the Atpaf2 gene, encoding the ATP synthase mitochondrial F 1 complex assembly factor 2 (Table 1) , supports the increased expression and activity of ATPase (Fig. 5) . The activity and expression of complex I decreased after 8 wk of CS exposure, indicating a complex II-driven oxidative phosphorylation after CS exposure. This metabolic profile is accompanied by a redox response, encompassed by changes in the cellular and mitochondrial levels of pyridine nucleotides and GSH. Mitochondria appear to maintain a more reducing environment in response to CS exposure, as revealed by increasing NADPH levels and NADPH-to-NADP ϩ ratios ( Table 2 ) and expression of the NADPH-generating enzymes IDH2 and NNT (Fig. 4) . NNT has recently been shown to be a critical determinant of the cellular redox status (8, 25) and maintenance of the mitochondrial energy-redox axis (50) . Accordingly, the energy and redox changes are integrated in a co-dependent manner. For example, inactivation of GAPDH due to oxidative stress has been shown to reroute the metabolic flux to the pentose phosphate pathway in Caenorhabditis elegans (32) . Similarly, activation of G6PDH promoted survival by balancing the energy metabolism between the pentose phosphate pathway and glycolytic pathways in neurons (2, 3) .
The gene expression profile also showed an upregulation of a number of metabolic genes involved in glycolysis and the tricarboxylic acid cycle, such as hexokinase-1, GAPDH, succinate dehydrogenase, and IDH1, as well as enzymes of the mitochondrial fatty acid oxidation pathway, including acylCoA dehydrogenase for medium-and long-chain fatty acids and 2,4-dienoyl-CoA reductase-1. The redox-sensitive cysteinyl groups in the vast majority of proteins can be regulated by the GSH-GSSG redox couple through the reversible formation of mixed disulfides (38) , which has been suggested to protect critical sulfhydryl moieties from irreversible damage due to oxidative stress (18) . The increase in gene expression did not tally the decrease in GAPDH activity, thus suggesting a posttranslational modification that contributed to altered glucose metabolism. This notion was confirmed by the reversible inactivation of GAPDH by S-glutathionylation (Fig. 3) , as
shown previously by a number of studies (32, 43) under oxidative stress conditions. The presence of a large number of electrophiles in CS, along with two redox-sensitive cysteines (Cys 149 and Cys 153 ) in the catalytic site of GAPDH (22), renders it more susceptible to oxidative modifications. It is also one of the several instances in which the gene expression profile does not correlate with the protein expression (33) . CS exposure also leads to a significant increase in the gene expression of pyruvate dehydrogenase kinase-3, indicating an inactivation of pyruvate dehydrogenase (i.e., phosphorylation of pyruvate dehydrogenase in the E 1␣ subunit leads to its inactivation) that may be due to reduced pyruvate levels from glycolysis, as surmised by the decrease in glycolysis and increase in the pentose phosphate pathway.
A number of redox-related genes, including Gpx1, Gpx3, Gpx4, Sod1, Sod2, Prdx5, and Gsr, were also significantly upregulated after 8 wk of CS exposure. The increased expression of Sod1 and Sod2 indicates the existence of oxidative stress after 8 wk of CS exposure. The glutathione peroxidases (Gpx1, Gpx3, and Gpx4), peroxiredoxin 5, and glutathione reductase are dependent on NADPH as the ultimate electron donor. Gpx3 is the extracellular isoenzyme form of glutathione peroxidase and, along with Prdx5, did not recover after 2 wk of CS exposure. Gpx4 encodes for the protein specifically involved in the catalytic reduction of lipid peroxides and is present in cytosol and in the mitochondrial intermembrane space. Peroxiredoxin 6 and glutaredoxin 1, which are specifically expressed in lungs and are actively involved in protecting the lung from CS exposure (5, 42), were unfortunately not included in the low-density gene array. Most of the gene changes induced by CS exposure were reversed in the recovery group, indicating that the point of no return had not been reached and a longer duration (6 mo) of CS exposure may be required to cause irreversible damage.
The experimental model in this study entails an acute response of A/J mice to CS exposure (4 and 8 wk) and cannot be equated to the model for COPD, which requires 6 mo of CS exposure to observe an ϳ23% increase in alveolar diameter (35) . However, the energy and redox changes described in the short-term exposure in this study set the platform for the development of pathology, essentially inflammatory responses to long-term exposures. This also indicates that most of the energy and redox changes due to short-term exposure can be reversed upon cessation of smoking. Earlier reports showed a CS-mediated increase in release of proinflammatory mediators due to recruitment of inflammatory cells, such as the macrophages and neutrophils, into the lung after acute CS exposure (31, 34, 42, 47 ). In the abovementioned studies, mice exposed to ϳ300 mg/m 3 TPM mainstream CS for 3 days (acute CS exposure) showed a significant increase in neutrophil influx into the lung, a finding that was further supported by increased levels of the proinflammatory mediators KC and MCP-1 in CS-exposed wild-type mice compared with an air control group. Using hematoxylin-eosin staining, Hwang et al. (15) also showed no significant difference in lung histopathology between air-and CS-exposed wild-type mouse lungs after 8 wk of CS exposure, which was assessed by determining the linear intercept. Periodic acidSchiff staining showed no goblet cell metaplasia in these mice (15) . In the present study, no significant changes the levels of KC were observed in the lungs of mice exposed to CS for 4 and 8 wk compared with controls (Fig. 6) . The reasons for this disparity are not known, but it may be due to different concentration of CS exposures, sidestream vs. mainstream CS exposures, and time at which the animals were euthanized [e.g., in previous studies animals were euthanized 24 h after the last exposures (see below), whereas in the current study, the animals were euthanized immediately after CS exposure]. Our data show that the MCP-1 levels remain similar to control until 4 wk of CS exposure and later the levels of MCP-1 significantly decrease after 8 wk of CS and in the recovery group. This suggests that the macrophage response in the lung did not recover, implying the presence of macrophages in bronchoalveolar lavage fluid.
It is likely that, in the A/J mice, exposure to CS from the Teague cigarette smoke machine caused much less or no neutrophil influx into the lung. Furthermore, A/J mice were exposed to a lower dose of CS (ϳ80 -90 TPM, a mixture of sidestream and mainstream CS), which might have caused considerably lower cellular infiltration into the lung, as reflected in the lower levels of cytokine/chemokine production. Yao et al. (47) suggested that CS-mediated inflammatory and oxidative responses are strain-dependent in mice; they reported that C57BL/6J mice were highly susceptible, A/J, AKR/J, and CD-1 mice were moderately susceptible, and 129Svj mice were resistant to acute CS exposure. In the highly resistant C57BL/6J mice, a significant increase in air space enlargement required 6 mo of CS exposure (45, 46) .
It may be surmised that CS-mediated alterations in energy metabolism and redox regulation in mouse lung are early events that are independent of proinflammatory effects of CS. However, the metabolic changes occur early during subchronic CS exposure followed by redox modulation, and subsequent inflammatory responses need to be examined further using chronic CS exposure COPD mouse models. This study provides evidence that the initial bioenergetics changes and lung responses due to the acute CS exposure are independent of the lung inflammatory response. The highly reducing environment in the homogenate after 4 wk of CS exposure indicates a cellular response to counteract oxidative stress by upregulating the pentose phosphate shunt and, thereby, the availability of NADPH to support removal of oxidizing species; the increase in the mitochondrial energy-transducing capacity suggests a compensatory response to decreased glycolysis and supply of substrate to mitochondria. These findings have implications for the understanding of the pathogenesis of COPD and early onset of alteration in CS-induced changes in energy and redox metabolism.
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